The purpose of the study was to evaluate the feasibility of anastomotic stent application in a porcine aortoiliac graft model. In a total of 10 pigs, a polytetrafluoroethylene aortobi-iliac graft was implanted through a midline abdominal incision. The lower edge of the iliac vessel was graft-inverted about 1 mm to produce irregularities at the downstream anastomosis. After transverse graft incision, six stainless-steel stents, six poly-L-lactic acid (PLLA) stents and four PLLA stents with 10% polycaprolactone (PCL) were implanted at the iliac anastomotic site using a 6 mm balloon dilatation catheter. Four anastomotic sites were left untreated. After two weeks, the patency of graft limbs was evaluated by contrast-enhanced computed tomography (CT). Both metal and polymeric stent designs provided adequate flexibility to manoeuvre across the anastomotic site for expansion in the chosen position. After deployment, the stent-arterial wall contact was complete on a macroscopic view. On CT scan, all metal and PLLA-stented graft limbs were free of stenosis, whereas all PLLA/PCL stents were occluded. The non-stented graft limbs showed a stenosis of 50-70%. In summary, this model is feasible to assess preclinically the deployment and patency rate of an anastomotic stent and to test future stent developments.
there is no documentation of polymer stent application at the anastomotic site.
The pig seems to be the ideal model in terms of disposition to neointimal hyperplasia formation (Fuster et al. 1982 , Kantor et al. 1999 ) and assessment of novel stent materials. Therefore, the purpose of the study was to evaluate the feasibility of anastomotic stent application in a porcine aortoiliac graft model, in which the downstream anastomosis was sutured with irregularities. Two different stent designs, i.e. a biodegradable poly-L-lactic acid (PLLA) and a stainless-steel stent, were used. Since angiographic equipment was not available during or after the procedure, stent implantation was performed through a transverse graft incision under direct vision.
Materials and methods

Animal preparation
Experiments were designed in accordance with the German Law for Animal Protection, and were approved by the Review Board for the Care of Animal Subjects in Rostock, Germany. All animals were obtained from a local supplier, and handling of the animals was performed in a humane manner to minimize discomfort and stress for the animals. The animals were allowed free access to drinking water and a standard natural-grain diet, without lipid or cholesterol supplementation. After a 5-day adaptation period, food, but not water, was withdrawn 24 h before the experiments. During the study, each pig was housed in an individual pen of appropriate size. During the study, state of health of the animals was continuously monitored. A total of 10 female pigs with a mean body weight (bw) 36.373.0 kg were included in the study. The pigs were sedated with a subcutaneous injection of azaperone (Stresnil s , 10 mg/ kg bw; Janssen, Neuss, Germany) and an intramuscular injection of ketamine (2 mg/ kg bw; Belapharm GmbH & Co KG, Vechta, Germany) and midazolam (Dormicum s , 0.1 mg/kg bw; Hoffman La Roche AG, Grenzach-Wyhlen, Germany). The animals were positioned supine and intubated with a tracheal tube (Mallinckrodt, Athione, Ireland, 7.0 mm ID) and mechanically ventilated (Ventilog 2, Drä ger, Lü beck, Germany) with 40% oxygen. Additionally, isoflurane (Abbott GmbH & Co KG, Wiesbaden, Germany) 0.8-1.5 vol% was inspired. For balanced analgosedation, intravenous ketamine (1 mg/kg bw/h) and flunitrazepam (Rohypnol s , 0.05 mg/kg bw/h; Hoffman La Roche AG, Grenzach-Wyhlen, Germany) were given continuously. Blood gas analysis (Rapidlab TM , Bayer, Eastwalprode, USA) was repetitively performed (via proximal aortic cannulation; Arrow, Quick Flash s Radial Artery Catheterization Set, Reading, USA), and ventilation was adjusted as necessary to maintain physiological conditions for pO 2 , pH, and pCO 2 . Beginning one day before operation, the pigs received antiplatelet treatment using oral acetosalicylic acid 500 mg (ASA; Bayer, Leverkusen, Germany) in combination with clopidogrel 75 mg (Plavix, Sanofi-Synthelabo, Berlin, Germany). During the procedure, intravenous heparin (50 IU/kg bw/ h; Liquemin, Hoffmann-La Roche AG, Grenzach-Wyhlen, Germany) was administered as a continuous infusion.
Graft implantation
Under sterile conditions, the abdominal aorta and iliac arteries were exposed through a midline abdominal incision. A thin-walled bifurcated 12/6 mm polytetrafluoroethylene graft (PTFE, Goretex s , WL Gore and Associates, Inc, Flagstaff, USA) was implanted ( Figure 1) with an aortic anastomosis of end-to-side and an iliac anastomosis of end-to-end configuration, respectively, using a continuous 6/0 polypropylene suture (Prolene s , Ethicon, Norderstedt, Germany). The proximal iliac artery was ligated on both sides. To produce irregularities at the downstream anastomosis, the lower edge of the iliac vessel was graft-inverted about 1 mm with every stitch of a running suture with polypropylene using a prism loupe with 2.5 Â magnification. For standardization of the surgical technique, graft implantation was performed only by one and the same surgeon (CMB). In four animals, a third graft limb ( Figure 2 ) was created to anastomose the sacral artery after proximal ligation. This was performed without inversion.
Anastomotic stenting
After graft limb incision, six stainless-steel stents (316L stents with amorphous silicon carbide coating, a: SiC; Phainon 6.0 mm Â 26 mm, strut thickness 155 mm, Biotronik GmbH & Co KG, Berlin, Germany), six biodegradable PLLA stents and four biodegradable PLLA/polycaprolactone (PCL) stents were implanted across the iliac anastomotic sites. The side of anastomotic stent placement was randomized to ensure equal right/left proportion. As a delivery device, a standard 6.0 mm Â 40 mm balloon catheter with a short tapered tip (Pheron, Biotronik GmbH & Co, Berlin, Germany) was used and inflated under visible control to 8 bar upon implantation. Metal stents could be deployed instantaneously, whereas biodegradable stents had to be deployed slowly (1 bar/min) to prevent stent rupture. Expanded dilatation time of the PLLA stent was necessary to account for the viscoelastic properties (Grabow et al. 2005) . As a control, the irregular iliac anastomosis (n ¼ 4) and the regular sacral anastomosis (n ¼ 4) were left unstented.
Biodegradable stents were fabricated from a high molecular weight PLLA (M w ¼ 640.000) or a blend of 90% PLLA with 10% PCL. Stent prototypes were designed and manufactured (Grabow et al. 2005) Aortoiliac graft implantation in the pig (intraoperative situs of the pig). A third graft limb was created to anastomose the sacral artery without irregularities, whereas iliac arteries were inverted into the graft Rostock, Warnemuende, Germany. Briefly, polymer minitubes were created in a solution-based dip-coating procedure on metallic male cores. After solvent removal, stent prototypes were manufactured from the polymer minitubes by laser cutting with a CO 2 laser. Nominal stent size and strut thickness were 6.0 mm Â 25 mm and 270 mm, respectively.
Computed tomography (CT) assessment After two weeks, contrast-enhanced CT (Tomoscan AV, Philips, Germany) of the aortoiliac vessels including multiple plane reconstruction (MPR) was performed to evaluate graft patency under sedation using ketamine (2 mg/kg bw) and midazolam (0.1 mg/kg bw).
Ultrasound assessment
To assess the effect of irregularities at the downstream iliac anastomosis on distal flow characteristics before and after stenting, the peak systolic frequency (F max ) was measured by femoral Doppler ultrasound (DO; HiDop s 300 with a 4 MHz probe, Regensdorf, Switzerland) during operation and after two weeks.
Histology
Two weeks after graft implantation, PLLA/ PCL-stented iliac anastomotic segments and non-stented iliac anastomotic segments were surgically explanted after intravenous bolus heparinization (10,000 U). Animals were euthanized with an intravenous overdose of potassium chloride. Fixed (buffered formalin 10%) samples were dehydrated in a graded series of alcohol, polymer embedded (Technovit 9100, Kulzer, Germany), and cut into 10 mm slices. Serial sections were stained using haematoxylin and eosin (HE) and examined by two experienced observers. All slices were digitally exported into the computer for morphometric analysis by ImageJ (version 1.32j). This software was downloaded from the National Institutes of Health's Website (http://rsb.info.nih.gov/ij/).
Statistics
Baseline parameters of the operation procedure are presented as mean7standard deviation. Differences were compared statistically using Student's t-test. Data of Doppler ultrasound measurements are presented as median values and ranges and were compared statistically using Mann-Whitney rank sum test. A P value o0.05 was considered statistically significant.
Results
Graft implantation and anastomotic stenting
The baseline variables at operation are shown in Table 1 . Haemoglobin and haematocrit dropped, respectively, from a mean of 5.4 mmol/L70.5 and 28%72 before operation to 3.9 mmol/L70.9 and 22%75 after operation (Po0.001). deaths occured. All metal and polymeric stents provided adequate flexibility to manoueuvre across the anastomotic sites for expansion in the chosen position. Initial technical success of stent placement was achieved in all animals, and the stent-arterial wall contact after deployment was complete on a macroscopic view (Figure 3) . Revisional operation was necessary in one pig for obstructional ileus induced by intussusception of the small intestine on day 7.
Computed tomography assessment
At two weeks, all PLLA and metal stents were patent without stenosis (Figure 4) , whereas all PLLA/PCL stents showed complete occlusion ( Figure 5 ). The CT scan demonstrated a median stenosis of 65% (50-70%) of all non-stented iliac anastomotic sites ( Figure 5) . In contrast, the sacral anastomosis with a regular end-to-end anastomosis was free of stenosis ( Figure 5 ).
Ultrasound assessment
Doppler ultrasound measurements (F max ) at the femoral arteries during operation and at two weeks are illustrated in Figure 6 . Inversion at the graft-iliac anastomosis induced a poststenotic flow. All metal, PLLA and PLLA/PCL stenting was successful in restoring a normal blood flow at the femoral artery.
At two weeks, the femoral blood flow distal to graft limbs containing metal (2.3 kHz; 2.2-3.2) and PLLA (2.3 kHz; 2.2-2.6) stents was without disturbances, whereas a significantly decreased flow was detected in the PLLA/PCL (0.7 kHz, 0.6-0.8; Po0.05) group and at the femoral artery of nonstented iliac graft limbs (1.1 kHz, 1.0-1.4; Po0.05).
Histology
Since CT scan evaluated complete occlusion of all PLLA/PCL-stented graft limbs at two weeks, the study of four animals was stopped to explant the specimens. On Laboratory Animals (2007) 41 Anastomotic stenting in a porcine aortoiliac graft model 75 Figure 3 At the iliac anastomosis of polytetrafluoroethylene (PTFE) graft, endovascular stent placement was performed (intraoperative situs of the pig). Note the visible metal stent Figure 4 Contrast-enhanced computed tomography (CT) of aortoiliac vessels with multiple plane reconstruction (MPR) at two weeks after graft/stent implantation. The left graft limb showed no stenosis containing a poly-L-lactic acid (PLLA) stent ( ) ), which was not visible due to absent radio opaquity. The metal stent (-) induced artefacts on this reconstructed vision. On the cross-section no stenosis was detected histology (Figure 7) , the cross-section demonstrated thrombotic occlusion with a significant recoil. The non-stented iliac anastomosis ( Figure 8 ) showed a stenosis of 60% (54-70%).
Discussion
The purpose of the study was to evaluate the feasibility of anastomotic stent application in a porcine aortoiliac graft model. The hypothesis was that anastomotic stenting could be a tool to improve graft patency in the case of stenosis at the downstream anastomosis, which is an important cause of bypass graft failure (LoGerfo et al. 1983 , Cantelmo et al. 1989 . With the thrombogenic tendency and permanent implant nature of metallic stents, however, biodegradable synthetic polymers have been proposed as a solution to improve the quality of stents. In detail, they may function as a 
Figure 5
Contrast-enhanced computed tomography (CT) of aortoiliac vessels with multiple plane reconstruction (MPR) at two weeks after graft/stent implantation. The left graft limb showed complete occlusion containing a poly-L-lactic acid (PLLA)/ polycaprolactone (PCL) stent ( ) ; invisible due to absent radio opaquity) at the anastomotic site. At the right unstented anastomotic site (-), a stenosis of 70% was measured. The third limb showed an undisturbed flow into the sacral artery. Note the enlargement (Ã) of the left sacral side branch for compensation of the occluded left iliac graft limb Figure 6 Blood flow at the femoral artery measured by doppler ultrasound (F max : peak systolic frequency). After graft implantation, inversion of iliac artery (IA) into the graft induced a significant decline of F max , which was corrected by anastomotic stent placement. At two weeks, femoral F max of metal and poly-L-lactic acid (PLLA) stented graft limbs was comparable to F max before graft placement. In contrast, the femoral blood flow was significantly diminished in the PLLA/polycaprolactone (PCL) and non-stented group Figure 7 Histological cross section at two weeks after implantation demonstrating occlusion of the poly-L-lactic acid (PLLA)/polycaprolactone (PCL) stent. There is fibrin deposit/thrombosis of the luminal area, between two stent struts (S; due to histological preparation, stent struts have been lost), and between graft and struts. Note the significant recoil of the stent struts; G: expanded polytetrafluoroethylene (ePTFE) graft material (haematoxylin-eosin staining, original magnification 12.5 Â ) temporary mechanical scaffold until adequate vascular healing (Schwartz et al. 1992 ) and serve as a vehicle for local drug delivery (Vogt et al. 2004 , Uurto et al. 2005 . Moreover, a temporary scaffold would be ideal for the short-term need at the anastomosis of a new implanted graft, where disrupted intimal layers could induce acute dissection. Biodegradable stents, however, have not yet gained broad clinical application due to inferior mechanical properties and high inflammatory potential compared with metal stents (van der Giessen et al. 1996) . Therefore, new stent materials and designs are currently being developed, and before application in humans, they should be evaluated in an appropiate animal model. We used pigs because of their similarity to humans in terms of vascular physiology and coagulation cascade (Bowie et al. 1973 , Andre et al. 1996 . Furthermore, the neointimal response to arterial injury histologically resembles human restenotic lesions after balloon angioplasty (Fuster et al. 1982 , Lam et al. 1987 , Badimon et al. 1988 , Schwartz & Holmes 1994 .
The present study has shown that immediate anastomotic stent placement after graft implantation could be performed without rupture of the suture. This might be an interesting treatment option at the distal anastomotic site since a common cause of acute graft occlusion is the elevation of an intimal flap following local endarterectomy (Ameli et al. 1987) .
Both metal and PLLA stenting were capable of normalizing the disturbed blood flow, which was induced by inversion of the iliac artery into the graft. This positive effect was stable for the follow-up time after two weeks, demonstrated both on Doppler sound measurements and CT scans. In contrast, PLLA/PCL stents were occluded at two weeks, and a possible reason for this unexpected failure might be the high recoil, which was not noticed in earlier in vitro tests.
It has been documented that more complete stent expansion is associated with reductions in subacute thrombosis and late restenosis (Moussa et al. 1996) . Therefore, PCL was abandonded in our further experiments.
A diminished luminal patency was detected at the anastomotic site of unstented graft limbs. Obviously, the graft-inversion technique can be used for producing a significant stenosis at the downstream anastomosis resulting in a poststenotic blood flow distally. This might be a model of stenosis sufficiently accurate and it may be worthwhile to look at its natural history in more detail followed by stent-implantation as a second intervention. We, therefore, propose the porcine graft model as a useful tool to test new stents in the preclinical evaluation in order to provide us with preliminary data regarding the healing characteristics of a stent at an anastomotic site.
Since angiography was not available during operation, distal Doppler ultrasound measurement of femoral flow was used to assess iliac anastomotic flow. As it was shown, however, distal doppler ultrasound measurement at the femoral artery was a reliable tool in evaluating iliac anastomotic flow and the immediate effect of stent deployment. Furthermore, the non-invasive Doppler ultrasound enables us to investigate Laboratory Animals (2007) 41 Anastomotic stenting in a porcine aortoiliac graft model 77 Figure 8 Histological cross section at two weeks after implantation of an unstented graft limb. The iliac artery (IA) was inverted into the graft (G) to produce irregularities at the anastomotic site (Su: suture), which resulted in a stenosis of 70%; L: lumen of the iliac artery (haematoxylin-eosin staining, original magnification 12.5 Â )
